In this study, the fabrication of novel micro/nano structures were induced on silicon surfaces using radially and azimuthally polarized femtosecond laser, with a ~120 fs pulse duration, an 800 nm wavelength, and a 1 kHz repetition rate. Results showed that, as the laser fluence approached the ablation threshold of the silicon, nanostructures with a period of approximately 600~700 nm were formed at the low laser fluence region (0.7~0.8 J/cm 2 ), and their orientations were perpendicular to the laser polarization. However, as the laser fluence increased (0.9~1.1 J/cm 2 ), microstructures with a period of approximately 2~3 μm were formed, and their orientation were parallel to the laser polarization.
Introduction
Recently, the femtosecond laser has been shown as effective for surface micro/nano modification due to its minimal thermal and mechanical damages on silicon and other materials. When irradiating silicon with single-beam femtosecond laser pulses near the ablation threshold, the formation of surface structures, such as ripples (periodic nanostructures) or self-organized micro structures, are observed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The formation of periodic nanostructures may be attributed to the actions of the optical interference of an incident femtosecond laser irradiation, with a surface scattered wave [8] for silicon and two plasmon decay models [13] [14] for metal material.
However, most research is limited to the linear or circular polarizations of the femtosecond laser beam. This study presented the fabrication of novel periodic nanostructures and microstructures, using radially and azimuthally polarized femtosecond laser, with an 800 nm wavelength, and a 1 kHz repetition rate. The results showed that periodic nanostructures, with a period of approximately 600~700 nm, were formed at the low laser fluence region, and periodiclike microstructures, with a period of around 2~3 μm, were formed at the high laser fluence region. The formation of periodic nanostructures was consistent with the results reported by previous studies [2, 6, 10, 11] that used linearly polarized femtosecond laser beam. However, to our knowledge, no reports have shown the formation of periodic-like micrometer structures with femtosecond laser irradiation. Figure 1 presents a schematic illustration of the experimental setup, where a polished 4-inch p-type Si (100) wafer with thickness of 200 μm was machined in air using a commercial regenerative amplified mode-locked Ti:Sapphire laser (SPIT FIRE, Spectra-Physics), with a central wavelength of 800 nm, a repetition rate of 1 kHz, a pulse duration of ~120 fs, and a maximum pulse energy of 3.5 mJ. As shown, a pinhole with an aperture of 0.25 mm was installed in the optical path to improve beam quality. The polarized Gaussian laser beam was attenuated initially using a half-wave plate, and was then incident upon a polarizer, specifically, a polarizing beam splitter. The laser beam passed through an axisymmetric polarization element (SWP-780, Photonic Lattice, Inc.), and the polarization was changed to radial or azimuthal polarization through appropriately segmented waveplates [15] .
Experimental setup
The intensity beam profile produced by a segmented waveplate was modified into a doughnut-like shape, as shown in Fig. 2 . The duodecimal intensity pattern, in addition to the doughnut pattern, was attributed to the polarization element that contains 12 sectors of half-wave plate with different axial directions. Moreover, the polarization pattern was radial and azimuthal, as analyzed by a linear polarizer. Meanwhile, the transmitted laser beam passed through a reflective mirror system to enter the objective lens (numerical aperture 0.14, M Plan Apo NIR, Mitutoyo, magnification 5x), and was incident in the normal direction on the surface of a specimen, which was mounted on an X-Y axial micro-positioning stage under a precision greater than 1 μm. The position of the objective lens was adjusted in the vertical (i.e. Z-axis) direction.
For better observation of the induced structures and in order to reduce the diffraction effect, the laser beam was focused at a position of 300 μm below the surface of the Si, and the diameter of the laser spot size at the sample surface was approximately 90 μm. The surface characteristics were then observed using a scanning electron microscopy (SEM), and the period of structures was the distance between two neighboring structures estimated from the SEM image. Figure 3 presents the SEM image of the induced pattern irradiated by azimuthally and radially polarized femtosecond laser beam. In each case, the number of irradiated laser pulses was 200 shots, and the average laser fluence was 0.84 J/cm 2 . The laser fluence was slightly higher than the single-shot ablation threshold of the silicon at 0.637 J/cm 2 [16] . Since the irradiation intensity of the laser beam had a donut-shape distribution (see Fig. 2 ), the center area was subject to a lower energy input. As seen, no obvious surface modification occurred, and only a little debris was observed. However, the outer ring was subject to a higher energy input, and thus, the regions of the micro/nano structures were found after laser irradiation.
Results and Discussion
Figures 4~5 present the magnified images of areas A and B that are shown in Figs. 3(a)~(b) , respectively. As seen, nanostructures with a period of approximately 600~700 nm were formed at the low laser fluence region (0.7~0.8 J/cm 2 ), which was slightly less than a laser wavelength of 800 nm. In addition, the orientations of the periodic nanostructures were nearly perpendicular to the polarization direction in all cases. The formation of the periodic nanostructures was consistent with the results reported by previous studies [2, 6, 10, 11] that used linearly polarized femtosecond laser beam. Disordered microstructures, with a period of around 2~3 μm, were formed at the higher laser fluence region (0.9~1.1 J/cm 2 ). Figures 6 and 7 present the magnified SEM images of the point pattern irradiated at azimuthally and radially polarized femtosecond laser beam, respectively. The number of irradiated laser pulses was 200 shots, and the laser fluence was in the range of 0.94~1.01 J/cm 2 . As the laser fluence increased, micrometer areas became larger. Micrometer periodic-like structures were observed at the high laser fluence region, and the periodic nanostructures were still at the lower fluence region. In addition, the orientations of the micrometer periodic-like structures were approximately parallel to the polarization direction, while the periodic nanostructures remained perpendicular to the polarization direction. In other words, the direction of the periodic nanostructures and micrometer periodic-like structures could be controlled simply by modifying the polarization direction of the laser beam.
The formation of the periodic nanostructures perpendicular to the laser polarization was consistent with results reported in previous studies [2, 6, 10, 11] , and could be attributed to the optical interference of the incident femtosecond laser irradiation with a surface electromagnetic wave. In [17] , periodic microstructures on titanium plate were formed using a single beam 800 nm femtosecond laser pulses in vacuum environment. The orientation of the structures was parallel to the laser polarization, and their period was 1.5~2.4 μm, which was similar to our experimental results (see Figs. 6-7) . 
Conclusions
This study proposed a novel method for the fabrication of micro/nano structures on silicon wafer. In the proposed approach, the silicon wafer surface was irradiated using a femtosecond laser, under a repetition rate of 1 kHz, a wavelength of 800 nm, and radially or azimuthally polarized femtosecond laser beam to create micro/nano structures. The results showed that nanostructures, with a period of around 600~700 nm, were formed at the low laser fluence region; while micro meter periodic-like structures, with a period of around 2~3 μm, were formed at the high laser fluence region. The nanostructures were orientated in a direction perpendicular to the polarization direction, while the micro structures were orientated in a direction parallel to the polarization direction.
